The mirror system of the HERA-B RICH consists of two spherical and two planar mirrors, composed of altogether 116 mirror segments. Analysis of displacements of theČerenkov ring center relative to the charged particle track, for given sphericalplanar segment pairs, leads to accurate information regarding the orientation of individual mirror segments. The method is described and the effect of applying the required corrections on theČerenkov angle resolution of the HERA-B RICH is discussed.
Introduction
HERA-B (1) was a fixed target experiment ( Fig. 1) at the HERA storage ring at DESY in Hamburg. The experiment used 920 GeV protons from the beam halo and a set of eight thin ribbons, of different materials, as targets. The interaction rate was adjusted by moving the targets in or out of the beam halo (2) . The experiment utilized a forward spectrometer capable of measuring interaction rates up to 40 MHz. The spectrometer consisted of a dipole magnet, a vertex detector (3) upstream and a main tracking system downstream of the magnet (4; 5). Particle identification was performed by a Ring Imaginǧ Cerenkov (RICH) detector (6) , an electromagnetic calorimeter (7) and a muon detector system (8) . In addition, the experiment included a sophisticated hardware trigger for lepton track pairs to record leptonic decays of J/ψ particles.
The large acceptance of the spectrometer coupled with high-granularity particle identification devices and a precision vertex detector allowed for detailed studies of multi-particle final states (9)- (16) . By using targets of different materials, HERA-B was also able to study the dependence of various properties of proton-nucleus interactions as a function of atomic number.
The identification of pions, kaons and protons was performed by the RICH detector (6) . The HERA-B RICH used atmospheric pressure C 4 F 10 asČerenkov radiator (n=1.00137). The focusing ofČerenkov light was achieved with two spherical mirrors, tilted by 9 0 in opposite directions ( The particle identification capabilities of a RICH counter are determined by the resolution of the measuredČerenkov angle, which is given by the two main parameters of a RICH counter, theČerenkov angle resolution due to a single photon and the number of detected photons perČerenkov ring. The measured average number of detected photons for particles approaching the speed of light amounts to 33. It is in good agreement with the value expected from the data available on the quantum efficiency, mirror reflectivity, and transmissions of the vessel window and of the optical system (6). In order to reach and maintain the optimal performance of the RICH counter, elaborate alignment and calibration methods have to be used. For the optical system of the HERA-B RICH, a calibration method was used which is based on a procedure originally developed on simulated data (18).
Calibration of the optical system
The main imaging device of the HERA-B RICH is a spherical mirror placed inside the radiator vessel with the center of the sphere near the target and a radius of curvature of 11.4 m. The mirror, a 6 m by 4 m rectangular cutout from the sphere, consists of 80 full or partial hexagons (see Fig. 2 ). To achieve a focal surface outside of the main particle flux (±160 mrad vertically), the mirror is split horizontally, and both halves are tilted by 9
• away from the All mirrors were first aligned after installation by surveying them inside the vessel. During the data taking periods, the mirror system was calibrated by making use of recorded events. By comparing the charged particle track direction, obtained from theČerenkov rings due to a particular spherical-planar mirror pair, to the track direction obtained from other detectors of HERA-B, the calibration parameters of individual mirror segments, as well as those of the entire RICH counter, could be extracted. For this purpose, various data sets have been used. With the magnetic field turned off, the direction of the straight tracks was accurately given by the target wire position and the centroid of the cluster in the electromagnetic calorimeter. With the magnetic field turned on, the tracks were determined by the tracking system. In order to reduce the uncertainty in track direction due to multiple Coulomb scattering, only those tracks belonging to particles with energy above 5 GeV were used. 5
The calibration method
Assume that one or both mirrors in a particular spherical-planar mirror pair are not well aligned. In such a case, the measuredČerenkov ring, due to photons reflected on that pair, will be displaced relative to the direction of the charged particle, which is taken to be reflected on ideal mirror positions.
For small displacements a, the azimuthal dependence ofČerenkov angle for photons on a given ring is parameterized as (Fig. 3) : 
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The method obviously relies on accumulating a sufficient number of photons, which have been reflected on a particular spherical-planar mirror pair. For each track-photon pair, the photon has been traced from two points on the charged particle track to the photon hit position (Fig. 4) . The first point is the particle entry into the radiator, the second is directly in front of the spherical mirror. If both rays at a given azimuthal angle are reflected from the same spherical-planar mirror pair, such a photon hit is taken as a valid data point on theČerenkov ring, relevant for that mirror pair. In other words, a photon hit is valid for our analysis if the corresponding photon would have been reflected from the same spherical-planar mirror pair, regardless of the point on the charged particle trajectory from which it might have originated.
In the following we refer to such hits as calibration hits. Close to mirror boundaries, parts of a ring could be shared by different combinations of spherical and planar mirrors, which permits relative calibration of adjacent mirrors.
Extraction of calibration parameters of individual mirror segments
The measured displacement (∆Φ, ∆λ) for a pair of mirrors is equal to the sum of unknown contributions from the corresponding spherical and planar mirror segments k and j:
1 The parameter C is a constant to account for a possible bias in theČerenkov angle measurement. the detector halves as
where u 
The first sum in each of the equations runs over all spherical mirror segments and the second over all planar ones in a given detector half. We include these two equations in the system of equations 4, and get two systems with m + 1 equations,
where A ′ replaces A to account for the additional equation.
The systems of equations, Eq. 6, are solved by requiring that the properly weighted sum of squares of deviations of the left hand side from the right hand side for each of the two systems is minimal,
where the terms are weighted by the inverse square of the error σ i in the 
is readily solved,
Here we have defined a new matrix
which is symmetric, so that its inverse B −1 is easy to calculate. The resulting errors on u k are given by
Calibration results
Having solved the system of equations for angular displacements of individual mirror segments, the quality of the new alignment is checked on the data, by examining theČerenkov angle resolution before and after applying the new calibration parameters, ∆Φ To check the resulting alignment of the optical system, we have reanalyzed the data after having applied the calculated corrections. As expected, the new corrections were consistent with zero.
To study possible systematic effects, we have investigated different data sets, recorded under different conditions. We found good agreement of the results with two different gas radiators, when freon (θ c =52 mrad) was replaced with nitrogen (θ c =25 mrad). A similar analysis was also performed on the data recorded without magnetic field. Again the analysis yielded results that are consistent with the values deduced from the data with magnetic field. We also found that the alignment parameters did not change over extended periods of time, which testifies to stable mirror positions. Possible systematic effects were also checked by using Monte Carlo generated events, where all mirror segments were assumed to be perfectly aligned. Although the resulting parameters are all consistent with zero, small systematic effects at the level of 0.1 mrad could not be excluded due to limited statistics. 
